The biaxial deformation of a ferritic sheet steel has been examined using high energy in situ X-ray diffraction. A purpose built biaxial loading mechanism was constructed to enable deformation across a wide range of strain ratios. Three nominal deformation conditions were compared: (1) uniaxial loading, TD = RD ¼ Àm, (2) biaxial deformation where TD = RD ¼ 0:4, and (3) approximately balanced biaxial deformation, with TD = RD ¼ 1:5. This novel setup allowed the full Debye-Scherrer diffraction rings to be acquired during arbitrary selected strain-paths, permitting lattice strains and reflection intensities to be measured across an unrivalled grain orientation range for such deformation conditions. This experiment reveals that the accumulation of lattice strain during deformation, as a function of azimuthal angle, is highly sensitive to strain path. For the TD = RD ¼ 1:5 strain path, whilst lattice strain accumulates most rapidly in the TD direction during early stages of plastic deformation, the lattice strain is shown to distribute almost perfectly isotropically for the observed orientations when plastic strain is high. This was found to be in contrast to strain paths where TD = RD ( 1:5, demonstrating that lattice strain magnitudes remain highest in the direction parallel to the tensile axis with the highest applied load. Furthermore, the technique provides the capability to observe the evolution of texture fibres via changes in reflection intensity during different applied strain ratios.
Introduction
In a metallic material, deformation cannot be assumed to be accumulated homogeneously at a crystal level. For a single phase metallic material, this inhomogeneity will be influenced by a vast array of factors including crystal structure, grain size, morphology, orientation and distribution, which together influence the yield, plastic flow and failure of the material. The material behaviour is further complicated for a multiphase material where the partitioning and/or localisation of deformation will be influenced by the independent properties of the constituent phases. This inhomogeneous patterning of deformation results in a distribution of stress both at a macroscale (type I) and on a microscale (type II & III) [1] . The mechanical response of a material will be influenced by the superposition of these stress contributions, which if quantified, will help the understanding of deformation phenomena on a crystal scale.
Experimentally, only a limited number of techniques are capable of measuring the deformation at a crystal level. Electron backscatter diffraction (EBSD) [2] , X-ray diffraction [3] , and neutron diffraction [1] methods can provide suitable measurements of localised deformation. Each method has advantages and drawbacks, and hence a suitable selection will be dependent on the microstructural and/or micromechanical feature of interest, in conjunction with its length scale. EBSD may be used to describe local elastic strains to high sensitivities [4] , though these measurements can practically only be made across a limited number of grains. Neutron diffraction has been successfully used to measure the evolution of lattice strains (e.g. [5] ) through thick samples. Although in situ measurements are possible, neutron diffraction data collection times are typically too long for dynamic experiments. Testing via high energy synchrotron X-ray diffraction offers rapid data acquisition times with the ability to measure the micromechanical response [6] . However, the sample thickness may be restricted due to energy dependent attenuation.
The micromechanical behaviour of a material when subjected to deformation can be revealed when tested in a uniaxial manner, however, this understanding is unlikely to be satisfactory to explain the response to more complex, multiaxial stresses experienced during fabrication or service. For example, sheet forming operations such as drawing, stamping or stretch forming may subject material to a wide range of biaxial strain paths. Due to the extensive use of such processes for components used in the transport sector, any performance or cost saving benefit from optimisation of sheet forming methods are highly desirable. Improvements may only be exploited when the micromechanical responses are http://dx.doi.org/10.1016/j.actamat.2015.02.009 1359-6462/Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). well understood. Furthermore, understanding residual stresses left after biaxial forming is important due to their potential influence upon component performance in service. By replicating biaxial forming processes experimentally, the knowledge gained can lead to more intelligent component design and manufacture. These measurements may also assist the calibration or validation of models when compared to simulated results [7] .
Experimentally, the most obvious way of replicating the biaxial strain paths observed in real components is via the testing of cruciform specimens. However, the number of variables in the geometry is high, making optimisation of the specimen design difficult [8] . In spite of this, examples of successfully testing cruciform specimens do exist (i.e. [9] ). Furthermore, experiments that acquire diffraction data from cruciform-type specimens have also been reported. For example, a small biaxial stage designed for thin metallic films of the order of 150 nm thick on polymeric substrates has been installed on the DIFFABS-SOLEIL synchrotron X-ray beamline [10] . Also, a multi-axial test rig has been recently installed onto the neutron time-offlight diffractometer POLDI allowing deformation of metallic cruciform specimens, as demonstrated with stainless steel [11] .
Whilst it is desirable to measure the micromechanical response of biaxial deformation, in practice testing in this manner is far from trivial, as evident from the limited number of biaxial deformation/diffraction experiments reported. Marin et al. [12] used a method of axial loading of a pressurised austenitic steel tube to control the hoop and axial stresses in the material in conjunction with neutron diffraction measurements to obtain lattice strain. An axial strain up to 3-4% was possible. This method has the advantage that the directions of the principal stresses remain constant for different strain ratios, though has a disadvantage that the radial and circumferential stresses vary through the thickness of the tube. A biaxial stress can also be achieved with the application of simultaneous tension and torsion on thin walled tubes in combination with X-ray diffraction (ex situ), [13] , though the maximum shear strain was limited to 2% to prevent buckling of the tube. Other examples of X-ray diffraction to measure biaxial deformation include the measurement of an aluminium alloy during deep drawing (reflection diffraction at different orientations) [14] , and the use of a Marciniak flat bottom ram [15] to perform balanced biaxial tests [16] .
In this study, a purpose built biaxial loading mechanism has been used to enable, for the first time, in situ biaxial deformation measurements from synchrotron X-ray diffraction of metallic sheets. The experiment uniquely enables a rapid rate of data acquisition, recording the full Debye-Scherrer diffraction geometry. This describes the material response across a wide grain orientation range necessary to capture the micromechanical behaviour of a biaxially deforming specimen. This experimental method is shown to be valuable in assessing the deformation response of ferritic sheet steel through a selection of strain paths.
Experimental
The deformation of a single phase low carbon ferritic steel, denoted as DX54, has been studied. The nominal composition of this material is given in Table 1 . As received, the material had been cold rolled and galvanised with a thickness of approximately 1 mm. Prior to all characterisation in this study, the galvanised zinc coating was removed by abrasive media.
The as-received condition of the material was examined using electron backscatter diffraction (EBSD) to characterise the texture, grain size and grain morphology. This was performed using a JEOL-6500F scanning electron microscope, operating at a beam current of 14 nA with an accelerating voltage of 20 keV, and equipped with a TSL/EDAX OIM v6 system. Data were collected with a 1 lm step size over an area of 900 lm Â 900 lm and an acquisition time of 0.05 s per pattern. Each diffraction pattern was collected with a 1000 Â 1000 pixel camera with 4 Â 4 camera binning.
High energy in situ X-ray diffraction experiments were performed on the I12 beamline at the Diamond Light Source. A Shimadzu AGS-X 10 kN load frame was placed on the beamline sample stage orthogonal to the incident X-ray beam. Fitted within this load frame was a bespoke biaxial loading mechanism, based upon a design described by Brieu et al. [18] , purpose built for use in this experiment. The rig itself is uniquely capable of deforming a cruciform shaped specimen, simultaneously pulling on all 4 arms to provide a biaxial stress state in the central region of the specimen. To illustrate the movement of the mechanism, computer aided design (CAD) drawings are shown in Fig. 1 ; in (a) the starting configuration and (b) the final configuration following displacement of the topmost crosshead. In this example, the rig has been configured to provide an equal displacement in the vertical and horizontal directions. However, the diagonal rods, set to 45 in the illustrations shown can be adjusted to change the ratio between the vertical and horizontal displacements, thus changing the strain ratio. A photograph of the biaxial mechanism is shown in Fig. 1(c) . During the development of the biaxial loading mechanism, finite element modelling was used, as illustrated in Fig. 2 for example, to assist the mechanism design whilst ensuring the samples were subjected to the desired loading path(s). The design was adapted to ensure that load required to deform the sample would not cause plastic deformation in the rig whilst remaining close the desired strain ratio.
Prior to the experiment, the sample geometry was refined to ensure the sample would deform and fail in the desired region, and that the largest deformation was accommodated in the region where the X-ray beam would pass. The adopted geometry including selected dimensions is shown in Fig. 3(a) . The features of the cruciform design can be seen in (a), including broad specimen tabs to fix into grips with pin holes to restrict sample sliding. The combination of waisted specimen arms, a thinned cross-shaped region (on each face of the cruciform) and thinned central disc-shape within the cross permits measurable plastic deformation in the centre of the specimen [19] . In the sections that have been thinned, the corners were chamfered to reduce stress concentrations, mitigating premature failure in these locations. During the design of the specimen, finite element modelling was used to ensure the specimen failure was in the desired location. An example map of Von Mises stress is shown in Fig. 3(b) , showing the highest stress will be experienced in the central thinned region, and that the stress is approximately uniform across this diameter. The material was modelled using mechanical property parameters of yield stress and strain hardening coefficients from independent measurements of DX54 steel [17] .
A monochromatic X-ray beam at 90.36 keV (k = 0.1372 Å ) was used, calibrated with a CeO 2 standard using a method developed by Hart et al. [20] . Diffraction patterns were acquired on a Thales Pixium RF4343 2D area detector with a pixel size of 148 lm and a sample to detector distance of approximately 1125 mm. The data acquisition time per diffraction pattern was fixed at 4 s and the incident beam size was set to 0.5 Â 0.5 mm. The spot size was therefore small compared to the central disc of the specimen. An illustration of the experimental setup is shown in Fig. 4 .
The acquired diffraction patterns were radially integrated into 36 sectors using the software FIT2D [21] ; each integrated over a 10 azimuthal rotation. In practice, the sector at an azimuthal angle of w, at 0 (integrated between w ¼ À5 and w ¼ 5 ), for example, corresponds to the diffracting plane normals within grains that satisfy the Bragg diffraction condition approximately parallel to the minor strain direction AE5 (parallel to the horizontal tensile axis) and the sector at w ¼ 90 (integrated between w ¼ 85 and w ¼ 95 ) corresponds to diffracting plane normals within grains that are approximately parallel to the major strain direction AE5 . The convention for w is also shown in Fig. 4 . Single line profile fitting was next performed on selected reflections, namely the {1 1 0}, {2 0 0}, {2 1 1}, {2 2 0}, {3 1 0} and {2 2 2} reflections. This set of reflections were all of the complete diffraction rings acquired during the experiment. These were fitted with a pseudo-Voigt function using algorithms written in the software Matlab. During the fitting of the single diffraction line profiles, a least squares fitting routine was used. The peak position error for each reflection was determined by calculating firstly the Jacobian matrix, and then from this a 95% confidence interval. During loading of the specimen, as the crosshead of the load rig moves upwards, the central region of interest on the sample also moves upwards. With the beam position remaining fixed, it was necessary to move the sample stage downwards at approximately half the rate of the crosshead, such that the region of interest remained in the beam. As the central thinned region of the cruciform is significantly larger than the beam, the margin of error when doing this (assuming the deformation state within this thinned region does not vary), is quite large. To ensure a sufficient number of grains were sampled when acquiring data during dynamic loading, diffraction patterns were obtained at 4 locations in the thinned region by moving the stage in the plane normal to the incident beam in a square shaped movement through measurements at y ¼ 0:5 mm, x ¼ À0:5 mm & x ¼ 0:5 mm; and at y ¼ À0:5 mm, x ¼ À0:5 mm & x ¼ 0:5 mm. This movement was combined with net downward motion of the sample stage.
In addition to the diffraction detector, an X-ray imaging camera was used, partly as an aid to sample alignment prior to deformation, but also as a tool for observing the deformation of the sample. Loading of the sample was performed in increments, and at each increment radiographs were taken with the X-ray imaging camera, prior to switching back to the diffraction detector. Imaging was performed with a 10 mm Â 10 mm incident beam. As the central thinned region of the specimen appears brighter in these images due to greater transmission, measurements of macrostrain could be performed.
The macrostrain of the deformed samples has been measured from radiograph images obtained during interrupted loading intervals. Each radiograph was recorded as 461 Â 461 pixels 8 bit images. The macrostrain was calculated using two methods, in each case using a radiograph in the unloaded state as a reference. The methods used were (1) digital image correlation (DIC), and (2) an affine transformation and whole image correlation. Two example radiographs are shown in Fig. 5 in (a) an undeformed state and (b) a deformed state. Here, the higher transmission through the central thinned region can be easily seen, and was the feature used to measure macrostrain.
Digital image correlation analysis was performed using LaVision Strain Master v7.4 [22] . Rigid body corrections were applied to the images before cross-correlation analysis. A preliminary rigid body correction, estimated by visual inspection, was applied to the images; more refined rigid body translations and rotations were eliminated from the displacement fields by an in-house Matlab code (for details of the algorithms used see [23] ). Cross-correlation analyses were performed in two stages: in the first stage, 256 Â 256 pixel interrogation windows with 75% overlap were used and analysis was carried out in 6 passes; in each pass, the location of the interrogation window was justified based on the displacement field calculated in the previous pass. This was followed, in the second stage, by an analysis with 128 Â 128 pixel interrogation windows with 87% overlap and 6 passes. The displacement vectors with correlation coefficient of 0.7 and less were judged to be inaccurate and censored. Lack of contrast features in the empty space surrounding the specimen, resulted in low correlation coefficients (generally lower than 0.3), which was successfully censored using the correlation coefficient criterion. This ensured the strain field was measured in the specimen only. The interrogation windows which satisfied the correlation criterion provided an average strain for this region, noting that there were sufficient features in each window to be tracked. The macromechanical strain in the gauge area Fig. 4 . Experimental setup at the I12 beamline at Diamond, showing the incident X-ray beam striking the cruciform sample which is subjected to biaxial loading. Diffraction data and radiographic images of the gauge volume were acquired with a 2D area detector and imaging detector respectively. For the latter, the beam stop and area detector were temporarily displaced to permit X-ray collection without obstruction. was calculated by averaging the strain field, readily calculated from the full-field displacement, within the bright region evident in radiographs.
(b) (a)
For the strains calculated by an affine transformation, a numerical algorithm was used that minimises the difference between the reference image and the radiograph of the deformed specimens after the application of the affine transformation. During each iteration, the deformed specimen radiograph was subjected to a stretch and translation in the vertical and horizontal directions, until a suitable affine transformation was found that has the lowest residual to the reference image. This method assumes a uniform strain across the field so no averaging is needed.
Results
The microstructure of the material studied has been characterised using electron backscatter diffraction prior to deformation. An inverse pole figure map of the microstructure is shown in Fig. 6 (a) and the corresponding pole figure in Fig. 6 (b). The material was found to have a mean grain size of $20 lm (by area) and a strong texture from previous cold rolling during processing.
During this investigation the deformation behaviour of three distinct strain ratios was investigated. These deformation paths are shown in Fig. 7 where RD refers to the strain along the original rolling direction of the sheet steel; and TD refers to the transverse rolling direction. The targeted strain paths were: (1) uniaxial deformation, (2) biaxial deformation biased towards the rolling direction with an approximate strain ratio where TD = RD ¼ 0:5, and (3) balanced biaxial deformation, TD = RD ¼ 1, with strain accumulated equivalently in the rolling and transverse directions.
Macrostrain measurement
The macrostrains for each of the deformed specimens tested are shown in Fig. 8 . In general, a reasonable correlation between the two methods of analysing the radiographs is shown, giving suitable confidence of the presented results. The error bars given with the DIC measurements are from root mean square (RMS) values calculated from all interrogation windows that satisfied the correlation criterion. As there was some variation between each of the interrogation windows, the RMS value gives an indication of the strain distribution across each sample and at each stroke displacement increment.
During the deformation, referring to Fig. 8(a) , the sample subjected to uniaxial deformation was examined up to a stroke displacement of 25 mm which corresponds to a major strain along the transverse direction of approximately 0.8 and a minor strain along the rollings direction of approximately À0.35, as measured by affine transformation, giving a Poisson's ratio of 0.44, close to the 0.5 value expected for isotropic plastic flow. It is noted that the sample failed in the central disc section between 20 mm and 25 mm of stroke displacement. Reliable DIC measurements were only possible up to 20 mm of stroke displacement, where the tracked features from radiographs from deformations greater than this were too dissimilar from those selected from the reference radiograph. For simplicity, all macrostrain measurements hereon will refer to measurements determined by the affine transformation process.
For the biaxial deformation of samples, the diagonal rods controlling the vertical to horizontal displacement ratio (see Fig. 1 ) were set to $27 (i.e tan À1 (1/2)) from vertical for a target strain ratio of TD = RD ¼ 0:5, and $45°for balanced biaxial deformation ( TD = RD ¼ 1Þ. The target strain path for the TD = RD ¼ 0:5 strain ratio test were achieved by fixing the specimen with the rolling direction parallel to vertical direction and for balanced biaxial deformation, the transverse direction was parallel to vertical direction.
The measured biaxial macrostrains are shown in Fig. 8(b, c) respectively. These measured strain values indicated that the desired TD = RD ¼ 0:5 strain ratio test was 100 μm 
2.
3. Fig. 7 . Strain paths investigated during the experiment following proportional loading of (1) uniaxial, (2) biaxial with TD = RD ¼ 0:5, and (3) balanced biaxial, with TD = RD ¼ 1. closer to TD = RD ¼ 0:4 (2 s.f.), and the TD = RD ¼ 1 test had a strain ratio of TD = RD ¼ 1:5 (2 s.f.). From hereon, these measured strain ratios will be used to describe each strain path. For the TD = RD ¼ 0:4 sample, the true strain reached approximately 0.16 along RD before the test was stopped (without failure). However, the true strain achieved for the balanced biaxial test in the TD strain direction was only 0.09 before fracture. The fracture occurred at approximately 30 mm stroke displacement, perpendicular to the major strain direction.
The measured macrostrains with respect to the TD and RD axes for each of the deformation paths are compared in Fig. 8(d) . Here, it becomes clear that although the total stroke displacement for each specimen was similar, the plastic strain measured for each strain ratio was significantly different. With no constraint in the minor direction for the uniaxial specimen, a lower force was required to deform the specimens for a given increment in stroke displacement. However, when each of the 4 arms was subjected to simultaneous tension, the design of the specimen dictates a significantly higher force to yield the material. The limited plasticity that is observed by the two biaxial specimens tested arises from the specimen geometry and rig compliance in the horizontal direction, rather than a micromechanical response from the material. This will alter that actual strain ratio and if compliance changes with stroke, this will result in a non-proportional strain path. Specimen geometry is expected to dominate with some strain concentration at the edges of the central thinned region.
Microstrain measurement
Each sample was subjected to deformation that was controlled by the load frame crosshead displacement, at a constant rate of 0.2 mm min À1 . Lattice strains have been calculated using Eq. (1)
where hkl is the lattice strain for the reflection hkl; d 0 is the relaxed reference d-spacing, and d is the measured d-spacing. These lattice strain data are plotted as a function of azimuthal angle (where w ¼ 0 is parallel to the minor strain axis, as shown in Fig. 4 ) and crosshead stroke displacement in Fig. 9 . measured d 0 of an annealed reference specimen, the d-spacing error arising from sample misalignment (altering the sample to detector distance) was deemed to be too great to produce reliable absolute measurements of lattice strain. The measurements presented here are lattice strains relative to the initial condition of the specimens. The lattice strain data are presented in Fig. 9 (a-c) for the specimen deformed in a uniaxial manner. The lattice strain for each reflection is shown to increase with stroke displacement for sectors with azimuthal angles close to the vertical major tensile axis along TD. Uniaxial deformation gives a lattice strain reduction in the horizontal minor strain direction. In this example, the tensile axis, described here as TD is parallel to w ¼ 90 and w ¼ 270 . The minimum lattice strain is shown to be transverse to the tensile axis ( RD direction) at w ¼ 0 ; w ¼ 180 and w ¼ 360 .
Between the presented {1 1 0}, {2 0 0} and {2 1 1} reflections, the two fold symmetry remains present, however, the distribution and magnitude of lattice strain with respect to azimuthal angle is different for each lattice plane.
The lattice strain measurements for the case of biaxial deformation with TD = RD ¼ 0:4 are shown in Fig. 9(d-f ). For this sample, TD was aligned along the horizontal axis and so was subjected to the smaller strain. The twofold symmetry displayed by uniaxial deformation remains present, though the distribution and magnitude of lattice strains is now quite different. The lattice strains again accumulate most strongly at azimuthal angles parallel to the largest tensile direction (w ¼ 90 &270 ) as was the case for the uniaxial test. Notably for each reflection at azimuthal angles close to the TD direction (w ¼ 0 ; 180 &360 ), the measured lattice strain is now positive whereas for uniaxial deformation, the lattice strain is compressive (this is more obvious in Fig. 11 which is described later). Therefore, for all values of azimuthal angle, the lattice strain increases monotonically as a function of lattice strain. In Fig. 9 (e), the magnitude of lattice strain for the {2 0 0} lattice plane is shown to be significantly higher than that observed in either the {1 1 0} or {2 1 1} reflections. This was also the case for the uniaxial test. Fig. 9 (g-i) shows biaxial deformation where TD = RD ¼ 1:5. The magnitude of lattice strain in the azimuthal angles close to each tensile axis ( TD , w ¼ 90 &270 and RD ; w ¼ 0 ; 180 &360 ) are almost equivalent, as may be expected when the force exerted in these directions was targeted to be the same. At a stroke displacement of $25 mm the lattice strain variation with respect to azimuthal angle is negligible, however, this was largely not true for the deformation prior to this. For each of the {1 1 0}, {2 0 0} and {2 1 1} reflections, the lattice strain accumulated more so in the major strain directions (w ¼ 90 and w ¼ 270 ). This may be attributed to differing load rig compliances in the two tensile directions. This is quite clear at stroke displacements close to 0 mm where the strain accumulates more rapidly in the vertical loading direction. Whilst the target strain ratio was not achieved, the measured ratio from macrostrain measurement of $1.5 was sufficiently close for these results to remain highly useful. Beyond $30 mm stroke displacement, the lattice strain in the horizontal directions (w ¼ 0 ; w ¼ 180 and w ¼ 360 ) becomes greater than that measured in the vertical directions. This is most clearly displayed in Fig. 9 (h). This point in the deformation corresponded to necking in the cruciform arms in the major direction, preventing further straining in this direction within the central region of the sample whilst strain continued to increase in the horizontal strain direction. This can be seen in a deviation from the plastic strain path in Fig. 8 (c) at higher strains.
Quantitative assessment from the colour plots of the data in Fig. 9 is difficult. For the {1 1 0}, {2 0 0}, {2 1 1} and {3 1 0} reflections as a function of azimuthal angle for fixed increments of stroke displacement are given in Fig. 10 . Here, stroke displacements at 0, 1, 5 and 25 mm for each of the deformation paths tested are shown. The error bars plotted, associated with peak position uncertainty, are in most cases narrower than the marker points. In general, regardless of the deformation path, when the stroke displacement (and thereby macro strain) is small, i.e. at 1 mm, the measured lattice strain appears approximately the same on each lattice plane. Only when the stroke displacement is higher, does the magnitude of lattice strain vary between the lattice planes. This variation with w is most pronounced in uniaxial deformation, and least so for balanced biaxial deformation. For each deformation path examined at 1 mm stroke displacement, in Fig. 10(d-f) , the lattice strain on each plane varies with an approximately sinusoidal function of azimuthal angle. The amplitude of this function appears to be dependent on the applied strain ratio. Deviation from this trend is pronounced at 5 mm stroke displacement and beyond during uniaxial deformation, where sharper minima and maxima appear, firstly in the most compliant {2 0 0} lattice plane, then in the {2 1 1} lattice plane at greater stroke displacements. The {1 1 0} lattice strain, however, appears different. Here, as seen in Fig. 10(f) , the lattice strain saturates at $2.5 Â 10 À3 , indicating that all {1 1 0} lattice planes from grains with plane normals within a $60°range of the tensile axis have equal lattice strain.
During biaxial deformation, as shown in the second and third columns of plots in Fig. 10 , the amplitude of lattice strain variation with azimuthal angle decreases with increasing stroke displacement whilst the mean lattice strain continues to increase. At 25 mm stroke displacement for TD = RD ¼ 0:4 and TD = RD ¼ 1:5 deformation, Fig. 10(k, l) respectively, the maximum deviation of lattice strain from the mean lattice strain is significantly lower than observed for uniaxial deformation. With the TD = RD ¼ 0:4 deformation, the greatest lattice strain remains in a direction parallel to the largest loading axis, as also seen for uniaxial tension, though its magnitude is not markedly greater than for lattice strain at azimuthal angles 0 ; 180 & 360 . For balanced biaxial deformation, the lattice strain appears to be homogeneously distributed between grains in all observed orientations. Within experimental scatter, the measured lattice strain for each reflections studied appears to be the same.
The lattice strain information can additionally be observed for azimuthal sectors parallel and perpendicular to the major tensile axis. The source of this diffraction information has been illustrated in Fig. 11(a) . These plots are useful as their form is analogous to a macroscopic stress-strain response. In the upper picture, a (2 1 1) lattice plane is shown to be in the Bragg condition with its plane normal, [2 1 1], almost parallel to the vertical tensile axis (TA). Following diffraction from this plane, a diffraction spot will appear at an azimuthal angle of w ¼ 90 . As the diffraction angle, 2h is small (i.e. $6.7°for {2 1 1} lattice plane) it is acceptable to assume that the observed lattice strains can be directly compared to macro strain data in the corresponding vertical tensile direction. Likewise, information from lattice planes almost perfectly parallel to the horizontal strain direction, as shown in the bottom illustration of Fig. 11(a) , can be extracted. In this case the azimuthal angle, w, is 0 .
Referring to Fig. 11(b-g) , the lattice strains are shown as a function of major strain for all reflections examined in this experiment. The coloured bands denote the upper and lower bounds for the measurement uncertainty. Fig. 11(b) shows uniaxial deformation for lattice planes which are perpendicular to the major tensile axis. Each of the shown lattice planes are observed to increase in lattice strain monotonically, though more so for the most compliant {2 0 0} lattice plane, as was shown in Fig. 10 . In the minor direction, at w ¼ 0, Fig. 11(e) , the Poisson contraction yields a negative lattice strain for all of the studied reflections. Each lattice plane follows a similar trend except the {2 0 0} reflection, which is shown to reach À1 Â 10 À3 before increasing to a lattice strain magnitude similar to the {2 1 1} reflection.
For each of the biaxial tests in the vertical tensile direction, w ¼ 90 , see Fig. 11(c, d) , the {2 0 0} reflection accommodates the highest lattice strain, as was the case for the uniaxial test. However, this effect becomes less pronounced Biaxial (ε TD /ε RD = 0.4) Biaxial (ε TD /ε RD = 1.5) Uniaxial as the strain ratio increases. Evidence of different lattice plane compliances is shown in Fig. 12 ; taking the example of uniaxial loading at w ¼ 90 to demonstrate the different rates of loading prior to yield. In general, the range of lattice strain observed on each of the measured reflections reduces as the strain ratio increases. At w ¼ 0 for the TD = RD ¼ 0:4 ( Fig. 11(f) ) strain path, the compliance ranking of the reflections is approximately reversed from observations at w ¼ 90 . For the TD = RD ¼ 1:5 sample, Fig. 11(g) , the compliance ranking of the reflections is found to be the same in both the w ¼ 0 and w ¼ 90 azimuthal orientations.
Intensity and texture change
The intensity of the measured reflections has been examined as a function of the stroke displacement, as shown for selected peaks in Fig. 13 . From the identified reflections, the plotted values display the numerically integrated intensity across the line profile with the background intensity subtracted. The reflection intensities at zero stroke displacement represent the initial texture of the material. A twofold symmetry is visible in the {1 1 0} with the highest intensity at the 0 , 180 and 360 azimuthal angles from RD in TD = RD ¼ 1:5 and uniaxial samples. The vertical major tensile axis was parallel to the transverse direction. The TD = RD ¼ 0:4 test has its highest intensity at 90 and 270 , i.e. with the major strain parallel to the rolling direction. As stated previously, this was due to the sample being loaded at 90 to the other 2 samples.
Considering firstly uniaxial deformation, Fig. 13(a) , the initial twofold symmetry from the {1 1 0} reflection is present until approximately 3 mm stroke displacement, corresponding to $0.05 macro strain (major). Beyond this, grain reorientation changes the material texture significantly to yield a 6-fold symmetry which is clearly present by $10 mm stroke displacement (0.17 major strain). For the same reflection, but in the case of both the TD = RD ¼ 0:4 and TD = RD ¼ 1:5 tests, in Fig. 13(e, i) , the intensity of the {1 1 0} reflection with respect to azimuthal angle remains largely unchanged.
When considering the reflections with a higher index, the intensities were significantly lower than that measured for the {1 1 0} reflection (by $2 orders of magnitude). In the TD = RD ¼ 1:5 and TD = RD ¼ 0:4 tests, the measured intensity changes were small. The {2 0 0} reflection displayed no strong intensity for a given azimuth prior to deformation, though for uniaxial deformation the significant grain reorientation resulted in higher intensity at 60 , 120 , 240 & 300 azimuthal angles, as shown in Fig. 13(b) . The 6-fold symmetry observed when the stroke displacement reached $22 mm corresponds to the fracture strain of $0.5. As the fracture appeared perpendicular to the tensile axis, though only propagated through the central thinned region of the specimen, deformation was still accumulated in the sample. With the presence of the crack, the loading condition must have been different in the region of interest. Without the ability to specify the precise location of the incident X-ray beam with respect to the crack, no reliable conclusions can be drawn from the observed intensity change beyond a stroke displacement of 22 mm. Notably however, the change in texture observed here is not accompanied by any abrupt change in lattice strain (i.e. in Fig. 9(a-c) . Likewise, the intensity of the {1 1 0} and {2 1 1} reflections do not change dramatically in this period. The intensity periodicity observed of the {2 0 0} reflection for the TD = RD ¼ 1:5 example in Fig. 13(j) displays little difference to the uniaxial deformation example. It is noted that at $35 mm stroke displacement the true plastic major strain is $0.09, with the equivalent plastic strain in the major direction for the uniaxial test is reached at 6 mm stroke displacement. The TD = RD ¼ 1:5 sample had some plasticity occurring in the arms of the cruciform throughout the deformation which did not occur in the uniaxial test, so that a plastic strain comparable to the uniaxial test requires a much greater stroke displacement in the biaxial test. Up to this macrostrain, the {2 0 0} intensity variation does depend on the applied strain ratio. However, for the TD = RD ¼ 0:4 strain ratio, in Fig. 13(f) , almost no variation with azimuthal angle is observed. The intensity variation for this reflection therefore must be somewhat dependent on the applied strain ratio, however, the starting texture was different for this case, as the sample was rotated by 90°.
The {2 1 1} reflections in Fig. 13(c, g, k) did not initially display any marked preferential intensity with respect to azimuthal angle. The intensity symmetry developed during uniaxial deformation appeared to be similar to the {1 1 0} reflection though was shifted by w ¼ 30 , which is also equal to the angle between the two plane normals. A two fold symmetry developed in the TD = RD ¼ 1:5 {2 1 1} reflection, though the amplitude of this variation was significantly less than for the uniaxial case. The symmetry here is the same as the {1 1 0} reflection, though rotated by w ¼ 30 . Finally, for TD = RD ¼ 0:4 deformation, no notable change in {2 1 1} intensity was observed.
For specimens deformed in a biaxial manner, evidence of texture change can found from an assessment of the {2 2 2} reflection intensity, as shown in Fig. 13(h, l) . The initial intensity variation with azimuthal angle shows a 2-fold symmetry, similar to the {1 1 0} reflections, though rotated by 90 . This peak intensity is shown to reduce throughout the deformation, and more so in the TD = RD ¼ 1:5 example. The strong intensity change of this reflection compared to others indicates that this effect is due to texture, rather than an artefact of sample thinning.
Discussion

Sources of error
Variation in the sample to detector distance is perhaps the largest source of error between samples. This will result in a reflection shift, changing value of 2h to 2h 0 through the following expression
where D is the sample to detector distance and dD is its error. An independent X-ray diffraction measurement of a stress-free annealed DX54 specimen reference gives the correct lattice parameter to be 2.8684 Å . An estimate of the displacement error for each specimen can be calculated by rearranging Eq. (2) and using the d-spacing values used in this study. The displacement errors are found to be À0.79 mm, À0.24 mm and + 0.03 mm for the uniaxial, biaxial TD = RD ¼ 0:4 and biaxial TD = RD ¼ 1:5 specimens respectively.
To illustrate the validity of using a reference from each specimen, a strain measurement can be recalculated from the corrected sample to detector distance and using the absolute a 0 of 2.8684 Å . As an example, the greatest measured lattice strain from the uniaxial specimen, $3 Â 10 À3 from the {2 0 0} lattice plane, is recalculated to instead give 3:006 Â 10 À3 . The difference is deemed to be sufficiently small, and notably within the error associate with peak position fitting (see Fig. 11 ).
Sample to sample thickness variations will result in different peak intensities at zero stroke displacement for each sample. This is evident in the TD = RD ¼ 0:4 compared to Fig. 13 (e-h) and TD = RD ¼ 1:5, Fig. 13 (i-l), showing lower respective peak intensities due to a thinner cross section. Additionally, the absolute thickness of the sample will limit the number of diffracting grains. It is noted that of the illuminated volume, only a small fraction of grains will lie within the narrower orientation range that satisfies Bragg's law, thereby drastically reducing the number of grains from which measurements are obtained. Though none of the diffraction patterns appeared spotty, an indication that too few grains are diffracting, the serrations observed in lattice strain measurements, shown in Fig. 11 are likely to be due to limited number of grains studied. As the location of the X-ray beam within the central thinned region of the sample was not fixed throughout the deformation (due to sample movement), grains with differing lattice strains would be entering and exiting the illuminated volume throughout each test. As the grain subset changes, variations in lattice strain may be expected, though are present due to specimen geometry constraints rather than a bulk micromechanical response.
Lattice strain and intensity trends
The distinctive lattice strain behaviour captured in this experiment for different loading paths reveals that for a given lattice plane, its lattice strain is critically dependent on (1) the orientation of the grain, and (2) the applied strain ratio. These differences have been illustrated in Figs. 9 and 10 for the lattice evolution of the {1 1 0}, {2 0 0} and {2 1 1} lattice planes during loading. The application of a plastic strain which does not have a strain ratio close to that of balanced biaxial deformation will give rise to the transformation of initially circular to a characteristic elliptical diffraction ring shape. Evidence of this can be seen in Fig. 10 ; from initially no lattice strain variation with azimuthal angle at stroke displacement = 0, when the specimens are deformed an approximately sinusoidal distribution of lattice strain as a function of azimuthal angle is shown. Deviations from this behaviour have been observed at high plastic deformations in the case of the {2 0 0} reflection, where the lattice strain accumulates more so in the direction of the major tensile axis compared to other lattice planes. The differing behaviour was observed in the {1 1 0} lattice plane, where a similar magnitude of lattice strain is distributed across a broad range of azimuthal angles close to the tensile direction. The amplitude of the observed sinusoidal lattice strain behaviour and the differences between the lattice strain on each lattice reduce significantly with the application of two applied strain directions (for the TD = RD ¼ 0:4 case), and is least prevalent when the biaxial ratio is approximately balanced. This was most evident in Fig. 10(i) where there is no discernible difference between (1) the magnitude of lattice strain on each plane and (2) the variation in lattice strain with respect to plane (and thereby grain) orientation.
Similar in-plane stiffness trends have been observed by Dutta et al. [24] on ferritic steel, noting the {2 0 0} lattice plane was significantly more compliant than the {1 1 0} and {2 1 1} lattice planes. The single crystal plane specific stiffness, E hkl may be described using [25] 1
where S ij is the reduced notation for the single crystal compliance tensor, and A hkl is a plane specific anisotropy factor for a cubic crystal system, given by
where h; k and l are the lattice plane Miller indices. In the tensile direction during uniaxial deformation, the relationship given in Eq.
(3) has been widely reported to be true in similar low carbon steels, i.e. [26, 27] . As biaxiality is introduced and is increased (as TD = RD ! 1) the lattice strain difference decrease, replicating the result observed by Marin et al. [12] in stainless steel. The results from this investigation demonstrate this trend is true for a wide range of grain orientations. Using the equations above for known compliance constants in iron [28] , the single crystal plane specific stiffness yields 223, 134, 223, 156 GPa for the {1 1 0}, {2 0 0}, {2 1 1}, & {3 1 0} lattice planes respectively. The ranking of these stiffnesses can be compared to the ranking of lattice strain magnitudes observed in this study. For this reason, the most compliant {2 0 0} lattice plane consistently has the highest strain magnitude and the converse is true for the least compliant {1 1 0}, {2 1 1} and {2 2 0} lattice planes studied. Caution must be taken when using such stiffness values in comparison to a polycrystalline response as the combination of a grain in an elastically soft orientation would be constrained by an adjacent grain if it lies in a hard orientation. Thus, significantly reducing the measured difference between stiffnesses on each lattice plane, as experimentally determined by diffraction elastic constants. In a similar ferritic steel, at room temperature, these are reported as 213, 169 and 222 GPa for the {1 1 0}, {2 0 0} and {2 1 1} lattice planes [24] . These measurements are in agreement to the lattice plane compliances observed during initial elastic deformation, as shown for uniaxial deformation in Fig. 12 .
The varying lattice strain with respect to azimuthal orientation, i.e. Fig. 10 , and the magnitude of deviation (from the different strain ratios tested) can be explained by resolving a global stress state onto lattice planes in the crystal frame for which the diffraction measurements are made. The global stress, r s , in the sample frame is given by
where r V and r H are the applied vertical and horizontal stresses respectively. The stress in the crystal frame, r c , is given by the following rotation
where R describes the crystal orientation. This matrix of diffracting crystal can be constructed from a 2h rotation from the diffracting plane Bragg angle, an azimuthal rotation w around the Debye-Scherrer ring, and c, a rotation about the diffraction plane normal (0 6 c < 360 ). Lattice strains can calculated from the stress vector (r c ! r c ), through
where S c is the reduced compliance tensor for iron. The resulting lattice strains for the {1 1 0}, {2 0 0}, {2 1 1} and {3 1 0} lattice planes are shown for uniaxial, TD = RD ¼ 0:5 and TD = RD ¼ 1 strain states in Fig. 14. The stress level used were r V = 210 MPa & r H = 0 MPa for uniaxial, variation in lattice strain for each lattice plane with respect to the angles w and c. In practice, the experimentally determined lattice strain will combine measurements from crystal orientations with differing values of c, but cannot distinguish between them. The measured lattice strain for each value of w is therefore an average about c. The calculated mean lattice strain for the differring strain paths is shown in Fig. 14(a-c) , taking the strain tensor component in the direction parallel to the diffracting plane normal from c . Though such calculations predict the elastic response prior to yield only, some features of the calculated variation in lattice strain with azimuthal angle are shown to corroborate well with the microstrains shown in Figs. 10 and 11. Notably, the {2 0 0} reflection is shown to be the most compliant lattice plane shown, exhibiting the largest lattice strain, and others with a lower compliance are ranked in similar order experimentally. At w ¼ 0; 180 & 360 for the TD = RD ¼ 0:4 specimen, the lattice strain is predicted to be almost equivalent for each lattice plane, as shown throughout the plastic deformation, Fig. 11(f) . For the TD = RD ¼ 1:5 specimen, the actual strain ratio predicts observable variation with azimuthal angle (Fig. 14(c) , which is shown experimentally during the early stages of deformation (i.e. Fig. 10(c) ), though the trend does not hold during higher levels of plasticity. The predicted elastic response therefore provides a good indicator of the accumulation of lattice strain at low levels of plasticity, though deviates beyond this at greater plastic strains.
The magnitude of elastic strain measured is a function of the plane specific stiffness, and beyond yield, is function of the initial critical resolved shear stress and Schmid factor for the deforming grains in the Bragg condition in conjunction with the hardening as the dislocation density increases. The change in strain distribution as a function of azimuthal orientation throughout the deformation, for each strain path, must vary with the evolution of texture with grain orientation, as the stress state on each grain changes as a function of macrostrain. With this complexity, simple calculations alone are unlikely to explain the observed response at high plastic strains, thus necessitating detailed modelling activities as future work.
The reflection intensities described in Fig. 13 reported clear symmetry changes throughout the deformation paths, indicative of texture change. If one considers the expected texture change in a BCC material, during uniaxial tension a h1 1 0i fibre develops, and for uniaxial compression, mixed h1 0 0i and h1 1 1i fibres form [29] . During uniaxial deformation in this study, a clear h1 1 0i fibre is shown to develop parallel to the tensile axis at w ¼ 90 and w ¼ 270 in Fig. 13(a) . This development is produced at the expense of an initially strong h1 1 1i texture at w ¼ 90 and w ¼ 270 , as shown in Fig. 13(d) .
Uniaxial compression perpendicular to the plane of the sheet can be considered analogous to a balanced biaxial tension in the plane of the sheet due their equivalent effective stress states. Therefore texture change is expected in the h1 1 1i direction. This is indeed evident when observing the {2 2 2} reflection intensity during biaxial deformation. The macroscopic strain perpendicular to the plane of the loaded sheet would be the largest strain component, producing the preferred h1 1 1i texture. For the observed grains, in the plane of the sheet, the converse is observed; showing an expected reduction in {2 2 2} reflection intensity parallel to the tensile axes, thus confirming development of a h1 1 1i fibre texture perpendicular to the sheet. This is evident in both the TD = RD ¼ 1:5, Fig. 13 (l), and TD = RD ¼ 0:4 test, Fig. 13(h) , strain states.
Summary
1.
A unique biaxial loading mechanism has been designed and built to enable, for the first time, in situ deformation of sheet metal whilst acquiring complete Debye-Scherrer X-ray diffraction data. Cruciform specimens with geometry suitable for deformation with high plasticity have been successfully made from FE designs simulated by Yu et al. [19] . 2. The deformation at three strain ratios of a single phase ferritic, low carbon steel has been studied including (1) uniaxial, (2) TD = RD ¼ 0:4 biaxial deformation, and (3) TD = RD ¼ 1:5 (approximately balanced) biaxial deformation. 3. The distribution of lattice strain with respect to azimuthal angle is found to be highly dependent on the applied biaxial strain ratio. Whilst diffraction rings for uniaxial deformation distort, as expected from lattice strain increase in the tensile direction and reduction in the Poisson direction, lattice strain remains tensile in all measured orientations during biaxial deformation. 4. Deformation with a strain ratio close to balanced biaxial has shown that lattice strain initially accumulates more rapidly in the direction of the tensile axis with the greatest load, though the distribution becomes uniform at high plastic strain, irrespective of the strain ratio differing somewhat from TD = RD ¼ 1.
Measurement of the integrated reflection intensity has
been used to indicate texture changes during the differing applied strain states. Texture development was observed in both uniaxial and biaxial deformation, providing evidence of h1 1 0i and h1 1 1i fibre textures respectively.
